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INTRODUCTION {#sec1-1}
============

Respiratory viral infections are an important cause of hospitalization among children younger than 5 years of age with estimated population‐based hospitalization rates of 1--2% \[Shay et al., [1999](#bib47){ref-type="ref"}; Henrickson et al., [2004](#bib20){ref-type="ref"}; Iwane et al., [2004](#bib25){ref-type="ref"}\]. Human respiratory syncytial virus (RSV) is the most commonly identified virus with detection rates up to 40--85% in infants hospitalized for respiratory infections during winter epidemics \[Wang et al., [1995](#bib51){ref-type="ref"}; Boyce et al., [2000](#bib8){ref-type="ref"}; Black, [2003](#bib7){ref-type="ref"}\]. The clinical manifestations range from a simple common cold to severe lower respiratory tract symptoms requiring mechanical ventilation. About 6--11% of the children admitted to hospital with RSV infection require intensive care admission \[Purcell and Fergie, [2004](#bib40){ref-type="ref"}; Berger et al., [2009](#bib6){ref-type="ref"}\]. Up to 35% of the children hospitalized with bronchiolitis did not receive any supportive intervention \[Mansbach et al., [2008](#bib31){ref-type="ref"}\]. On the other hand, it is crucial to avoid discharge of those children who may experience clinical deterioration. Among children sent home with the diagnosis bronchiolitis, 4.6--6.8% required hospitalization later on during infection \[Roback and Baskin, [1997](#bib44){ref-type="ref"}; Norwood et al., [2010](#bib36){ref-type="ref"}\]. Biomarkers to assess severity of viral lower respiratory tract infections, in particular RSV infection, may be helpful to clinicians in the decision whether a child needs to be hospitalized.

Lung injury during severe RSV infection is thought to be mediated by both direct cytotoxic effects of the virus and the result of the induced inflammation. Pathologic features of severe RSV infection include extensive bronchiolar epithelial destruction, peribronchial lymphocyte infiltration, necrosis of bronchial epithelium, and mucus plugs in the small bronchioles \[Johnson et al., [2007](#bib26){ref-type="ref"}; Welliver et al., [2008](#bib52){ref-type="ref"}\]. Matrix metalloproteinases (MMPs) are family of zinc endopeptidases capable of degrading components of the cellular matrix, and consequently, are suggested to be important in several diseases associated with tissue remodeling. Pronounced increase in their expression is thought to be associated with a variety of inflammatory disease, including respiratory diseases \[Greenlee et al., [2007](#bib18){ref-type="ref"}\].

MMPs play a role in cellular migration of neutrophils, lymphocytes, and other immune cells to the lungs by degrading extracellular matrix, but also have pro‐ and anti‐inflammatory properties. The activity of MMPs is regulated through binding to tissue inhibitor of metalloproteinases (TIMPs) leading to inactivation. An imbalance in production and activation, or inactivation by TIMPs might augment airway inflammation through direct or indirect effects upon signaling pathways that influence migration of leukocytes through the tissues \[Greenlee et al., [2007](#bib18){ref-type="ref"}; Schuurhof et al., [2012](#bib46){ref-type="ref"}\]. Increased concentrations and activity of MMP‐8 and MMP‐9 have been observed in respiratory samples obtained from adults and children with acute lung injury and pneumonia \[Hartog et al., [2003](#bib19){ref-type="ref"}; Fligiel et al., [2006](#bib16){ref-type="ref"}; Schaaf et al., [2008](#bib45){ref-type="ref"}; Kong et al., [2009](#bib28){ref-type="ref"}\] as well as in chronic lung diseases such as asthma \[Prikk et al., [2002](#bib39){ref-type="ref"}; Obase et al., [2010](#bib37){ref-type="ref"}\]. In addition, a relation between MMP‐9 concentrations and disease severity of pneumonia \[Hartog et al., [2003](#bib19){ref-type="ref"}; Schaaf et al., [2008](#bib45){ref-type="ref"}\] and asthma \[Belleguic et al., [2002](#bib5){ref-type="ref"}; Mattos et al., [2002](#bib32){ref-type="ref"}\] has been described.

Yeo et al. \[[2002](#bib54){ref-type="ref"}\] have reported that MMP‐9 protein expression is increased in human airway epithelial cell lines infected with RSV. In addition, MMP‐9 gene expression is increased in the lungs of RSV‐infected mice \[Li and Shen, [2007](#bib29){ref-type="ref"}\]. Another study demonstrated that nasopharyngeal samples from infants infected with RSV and parainfluenza virus (PIV) contain increased MMP‐9 and TIMP‐1 concentrations \[Elliott et al., [2007](#bib14){ref-type="ref"}\].

In the current study, it was hypothesized that MMP‐8 and MMP‐9 gene expression levels, and consequently, MMP‐8 and MMP‐9 plasma concentrations may function as biomarkers for disease severity in viral lower respiratory tract infections.

METHODS {#sec1-2}
=======

Study Design {#sec2-1}
------------

Children younger than 5 years of age with laboratory confirmed viral lower respiratory tract infections were prospectively included during three consecutive winter seasons (November--April in the years 2006--2009). Patients with congenital heart or lung disease, known immunodeficiency\'s or glucocorticoid use were excluded. Viral lower respiratory tract infections was defined as an acute infection of the lower airways, characterized by increased respiratory effort (tachypnea and/or use of accessory respiratory muscles and/or expiratory wheezing and/or crackles and/or apnea) in combination with a confirmed viral etiology by multiplex real‐time polymerase chain reaction (RT‐PCR) on nasopharyngeal washes as described previously \[Templeton et al., [2004](#bib48){ref-type="ref"}\]. The multiplex RT‐PCR assay detect 15 different viral pathogens; influenza virus types A and B, coronavirus 229E and OC43, human bocavirus, enterovirus, adenovirus, parechovirus, PIV types 1--4, human metapneumovirus, rhinovirus (RV), and RSV.

Written informed consent was obtained from all parents and the study was approved by the Committee on Research involving Human Subjects of the University Nijmegen Medical Centre. Within 24 hr after admission a blood sample and nasopharyngeal aspirate was collected and parents from hospitalized children were asked permission to draw a second blood sample and nasopharyngeal aspirate 4--6 weeks after admission. Medical history, demographics, and clinical parameters were collected from questionnaires and medical records. Patients were classified into three different groups based on severity of disease. Children without hypoxia or severe feeding problems were allocated in the mild group, those requiring hospitalization for supplemental oxygen (oxygen saturations \<93%) and/or nasogastric feeding in the moderate group and children requiring mechanical ventilation in the severe group.

Sample Collection {#sec2-2}
-----------------

A nasopharyngeal aspirate was collected by introducing a catheter, connected to a collection tube and an aspiration system, into the nasopharyngeal cavity. Then, 1.5 ml of saline was instilled into the catheter and, while slowly retracting the catheter, the nasopharyngeal fluid was aspirated in a collection tube. Afterwards the catheter was flushed with 1 ml of saline and added to the collection fluid. The samples were kept cold and immediately transferred to the laboratory. The nasopharyngeal aspirate was centrifuged at 500*g* for 10 min at 4°C to spin down the mucus and cells, after which the supernatant was frozen at −80°C.

Five milliliters of blood was collected into sodium heparin tubes and directly transferred to the laboratory. A thin blood smear was prepared and stained with (May‐Grunwald‐)Giemsa to determine the percentages of granulocytes and PBMCs. PBMCs were obtained by density gradient centrifugation (Lymphoprep®; Axis Shield, Oslo, Norway) and stored in Trizol at −80°C for RNA isolation. Plasma samples were stored at −80°C for ELISAs.

Quantitative mRNA Expression of MMP‐8 and MMP‐9 in PBMCs and Granulocytes {#sec2-3}
-------------------------------------------------------------------------

RNA from PBMC and granulocytes was extracted using Trizol (Invitrogen Life Technologies, Bleiswijk, The Netherlands) according to the manufacturers\' protocol. Subsequently, a clean‐up was performed on total RNA with the RNeasy Minikit (Qiagen, Venlo, The Netherlands) according to the manufacturers\' instructions. Total RNA (2 µg, measured with spectrophotometry, Nanodrop, Wilmington) was reverse transcribed using a high‐capacity cDNA reverse transcription kit according to the manufacturers\' instructions (Applied Biosystems, Foster City, CA) and cDNA was stored at −20°. The relative gene expression was measured with SYBR Green PCR Mastermix (Applied Biosystems; P/N 4367659) on the ABI 7500 Fast Real Time PCR system using standard program and software. After 40 repetitions a dissociation curve was performed as control for the specificity of the PCR reaction. The following primers were used: hActin F: CGTCACACTTCATGATGGAGTTG, hActin R: CTTCCTTCCTGGGCATGGA; hMMP‐9 F: GCCCCCCTTGCATAAGGA, hMMP‐9 R: CAGGGCGAGGACCATAGAG; and hMMP‐8 F: CCAGTTTGACATTTGATGCTATCAC, hMMP‐8 R: CTGAGGATGCCTTCTCCAGAA. All reactions were performed in duplo. Actin was used as reference gene. After a quality check (melting temp, curve of reaction, and standard deviation C~t~) the ΔC~t~ of the MMP‐8 and MMP‐9 to actin was calculated and expressed as relative expression.

MMP‐8, MMP‐9, and TIMP‐1 Concentrations in Plasma and Nasopharyngeal Washes {#sec2-4}
---------------------------------------------------------------------------

Concentrations of total MMP‐8 and MMP‐9 in plasma, nasopharyngeal aspirate, and supernatants of cell stimulation assay were measured by ELISA according to the manufacturers\' protocol (DuoSet, R&D systems, Abingdon, UK). In addition, TIMP‐1 concentrations in plasma were determined as described above.

In Vitro Stimulation of PBMCs and Neutrophils From Healthy Volunteers {#sec2-5}
---------------------------------------------------------------------

After informed consent, blood was drawn from healthy volunteers and collected in EDTA tubes. Blood was diluted 1:1 with pyrogene‐free PBS (Lonza, Basel, Switzerland). PBMCs and granulocytes were obtained by density gradient centrifugation (Lymphoprep®; Axis Shield). After washing, PBMCs were brought at a concentration of 5 × 10^6^ cells/ml in serum‐free RPMI (Gibco, Invitrogen, Paisley, UK) with 100 U/ml of penicilin/streptavidin (Gibco, Invitrogen). Granulocytes were purified by lysing the red blood cells (0.155 M NH~4~Cl, 0.0001 M Na~2~EDTA and 0.01 M KHCO~3~), and, after washing, granulocytes were suspended at a concentration of 5 × 10^6^ cells/ml in RPMI supplemented with 0.5% human serum albumin (Sanquin, Amsterdam, The Netherlands).

Mononuclear cells (5 × 10^5^ in 100 µl) were added to round‐bottom 96‐well plates and stimulated with either 100 µl culture medium (negative control), 1 ng/ml LPS (*Escherichia coli* serotype 055:B5, Sigma--Aldrich, purified as described previously \[Hirschfeld et al., [2000](#bib21){ref-type="ref"}\] or MOI 1 of RSV A2 (kindly provided by Dr. R. de Swart, Erasmus MC, Rotterdam, The Netherlands). RSV A2 was cultured in HeLa cells and purified by ultracentrifuge over a sucrose 30% gradient. After incubation for 24 hr at 37°C and 5% CO~2.~ supernatant was collected and stored at −80°C. Neutrophils (5 × 10^5^ in 100 µl) were stimulated and incubated in the same way for 4 hr and supernatant was stored at −80°C. Apoptosis was determined on the FACScalibur by Annexin V apoptosis detection kit (BD) according to the manufacturers\' instructions and no differences between stimuli were found after 4 hr.

Statistics {#sec2-6}
----------

Values are expressed as percentages for categorical variables and as mean and standard error (SE) or median and interquartile range (IQR) for continuous variables. For variables that were not normally distributed, Kruskal--Wallis test was performed to compare continuous variables followed by Mann--Whitney *U*‐tests for individual comparisons. Chi‐squared tests were performed to compare categorical data. A two‐sided value of *P* \< 0.05 was considered statistically significant.

RESULTS {#sec1-3}
=======

Patient Characteristics {#sec2-7}
-----------------------

In total, 153 patients were included. In 109 patients (71%) RSV was detected. RSV positive children were significantly younger than RSV negative children. No other significant differences were observed between these groups (Table [I](#tbl1){ref-type="table"}).

###### 

Patient Characteristics

                                                     Total (N = 153)   RSV+ (N = 109)   RSV− (N = 44)   *P*‐value
  -------------------------------------------------- ----------------- ---------------- --------------- -----------
  Age (days ± SE)                                    206 ± 26          149 ± 20         347 ± 72        \<0.001
  Male                                               95 (62%)          70 (64%)         25 (57%)        NS
  Prematurity                                        21 (14%)          16 (15%)         5 (11%)         NS
  Family history of atopy                            82 (57%)          56 (54%)         26 (63%)        NS
  Symptomatic days before presentation (days ± SE)   5.5 ± 0.4         5.2 ± 0.4        6.3 ± 1.1       NS

Data are presented as number (%), unless otherwise specified. For variables that were not normally distributed, Kruskal--Wallis test was performed to compare continuous variables followed by Mann--Whitney *U*‐tests for individual comparisons. Chi‐squared tests were performed to compare categorical data. A two‐sided value of *P* \< 0.05 was considered statistically significant. NS, not significant, SE, standard error.
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A total of 54, 60, and 39 children were classified as having mild, moderate, and severe disease, respectively. Patients with severe disease were significantly younger compared to those with mild disease (105 days vs. 278 days; *P* \< 0.05). More prematurely born children were observed in the severe group compared to the mild and moderate group. No other significant differences in clinical parameters were found between the different severity groups (Table [II](#tbl2){ref-type="table"}). In addition, total leukocytes and neutrophil counts were comparable between all groups.

###### 

Patient Characteristics for Mild, Moderate, and Severe Infections

                                         Total (N = 153)   Mild (N = 54)   Moderate (N = 60)   Severe (N = 39)   *P*‐value
  -------------------------------------- ----------------- --------------- ------------------- ----------------- -----------
  Age (days)                             206 ± 26          278 ± 52        206 ± 38            105 ± 36          \<0.01
  Male (%)                               95 (62%)          32 (59%)        36 (60%)            27 (69%)          NS
  Prematurity (%)                        21 (14%)          5 (9%)          6 (10%)             10 (26%)          \<0.05
  Family history of atopy (%)            82 (57%)          27 (52%)        36 (62%)            19 (55%)          NS
  Symptomatic days before presentation   5.5 ± 0.4         7.0 ± 1.1       4.8 ± 0.3           4.6 ± 0.4         NS
  RSV (%)                                109 (71%)         35 (65%)        45 (75%)            29 (74%)          NS
  Leukocytes counts                      8.7 ± 0.7         9.8 ± 1.1       8.6 ± 1.0           8.2 ± 1.4         NS
  Neutrophil counts                      3.5 ± 0.5         3.1 ± 0.7       2.9 ± 0.7           4.3 ± 1.1         NS

Data are presented as percentages or mean ± standard error (SE). Cell counts are given as \*10E6 cells/ml ± SE. For variables that were not normally distributed, Kruskal--Wallis test was performed to compare continuous variables followed by Mann--Whitney *U*‐tests for individual comparisons. Chi‐squared tests were performed to compare categorical data. A two‐sided value of *P* \< 0.05 was considered statistically significant. NS, not significant.
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Disease Severity Is Associated With Increased Gene Expression Levels of MMP‐8 and MMP‐9 in Both Granulocytes and PBMCs {#sec2-8}
----------------------------------------------------------------------------------------------------------------------

During acute viral infection we observed increased expression of the MMP‐8 and MMP‐9 genes in both PBMCs and granulocytes compared to recovery. No differences in gene expression of MMP‐8 and MMP‐9 in both PBMCs and granulocytes were found between RSV positive and RSV negative children during acute infection. In general, gene expression of the MMP‐9 gene was higher in granulocytes than in PBMCs. For MMP‐8, the same trend was noticed (Figs. [1](#fig1){ref-type="fig"}A,B and [2](#fig2){ref-type="fig"}A,B).

![Gene expression levels of MMP‐8 and MMP‐9 in granulocytes from children with viral lower respiratory tract infections. Relative gene expression levels (mean ± standard error) of MMP‐8 (**A**) and MMP‐9 (**B**) in PBMCs from children during acute RSV positive and RSV negative viral lower respiratory tract infections and after recovery of infection. Relative gene expression levels of MMP‐8 (**C**) and MMP‐9 (**D**) for RSV positive children with mild, moderate, and severe disease. Mann--Whitney *U*‐test was performed to compare children infected by RSV and other viruses. Paired analyses (Wilcoxon) were performed to compare acute and recovery samples. A two‐sided value of *P* \< 0.05 was considered statistically significant.](JMV-84-1471-g005){#fig1}

![Expression levels of the MMP‐8 and MMP‐9 genes in PBMCs from children with viral lower respiratory tract infections. Relative gene expression levels (mean ± standard error) of MMP‐8 (**A**) and MMP‐9 (**B**) in PBMCs from children during acute RSV positive and RSV negative viral lower respiratory tract infections and after recovery of infection. Relative gene expression levels of MMP‐8 (**C**) and MMP‐9 (**D**) for RSV positive children with mild, moderate, and severe disease. Mann--Whitney *U*‐test was performed to compare children infected by RSV and other viruses. Paired analyses (Wilcoxon) were performed to compare acute and recovery samples. A two‐sided value of *P* \< 0.05 was considered statistically significant.](JMV-84-1471-g001){#fig2}

Increased disease severity was associated with higher expression levels of the MMP‐8 and MMP‐9 genes in both PBMCs and granulocytes. To determine whether this association was dependent on the type of virus, RSV positive and RSV negative children were analyzed separately. For RSV positive patients, the same association was found between disease severity and gene expression levels (Figs. [1](#fig1){ref-type="fig"}C,D and [2](#fig2){ref-type="fig"}C,D). For RSV negative patients, MMP‐8 and MMP‐9 gene expression was higher in children with severe disease compared to those with mild. In addition, RSV negative children with severe disease had higher expression levels of the MMP‐8 gene in both PBMCs and granulocytes compared to those with moderate disease (data not shown).

Disease Severity Is Associated With Increased MMP‐8 Plasma Levels {#sec2-9}
-----------------------------------------------------------------

The plasma concentration of MMP‐8 was increased during acute RSV infection compared to recovery. In RSV negative patients this difference was not significant (Fig. [3](#fig3){ref-type="fig"}A). Higher MMP‐8 plasma concentrations were found in children with severe and moderate disease compared to those with mild disease (Fig. [4](#fig4){ref-type="fig"}A). In nasopharyngeal washes, the concentration of MMP‐8 was increased during acute RSV infection compared to recovery washes (Fig. [3](#fig3){ref-type="fig"}D). No significant differences of MMP‐8 concentrations in the nasopharyngeal washes were observed between the different severity groups (Fig. [4](#fig4){ref-type="fig"}D). In both RSV positive as RSV negative patients MMP‐9 concentrations in the nasopharyngeal washes were increased during infection (Fig. [3](#fig3){ref-type="fig"}E). Children with moderate disease had increased MMP‐9 concentrations in nasopharyngeal washes compared to those with mild disease. However, no significant differences in MMP‐9 concentrations were observed in children with severe disease compared to those with mild and moderate disease (Fig. [4](#fig4){ref-type="fig"}E). TIMP‐1 concentrations in plasma or nasopharyngeal washes were not increased during acute infection and there was no correlation with disease severity (Figs. [3](#fig3){ref-type="fig"}C and [4](#fig4){ref-type="fig"}C). The ratio between MMP‐9 and TIMP‐1 plasma concentrations, an indicator for enzyme activity, was not increased during acute RSV infection. This ratio was significant higher in the recovery plasma of RSV negative patients compared to the acute samples (Fig. [3](#fig3){ref-type="fig"}F). No relation between disease severity and the plasma MMP‐9 and TIMP‐1 ratio was found (Fig. [4](#fig4){ref-type="fig"}F).

![MMP‐8 and MMP‐9 concentrations in plasma and nasopharyngeal samples from children during acute lower respiratory tract infections and after recovery. Plasma concentration of MMP‐8 (**A**), MMP‐9 (**B**), TIMP‐1 (**C**), and concentration in nasopharyngeal washes of MMP‐8 (**D**) and MMP‐9 (**E**) from children during acute RSV positive and RSV negative viral lower respiratory tract infections and after recovery of infection. Ratio\'s between plasma MMP‐9 and TIMP‐1 (**F**). Concentrations (ng/ml) are given in mean ± standard error. Mann--Whitney *U*‐test was performed to compare children infected by RSV and other viruses. Paired analyses (Wilcoxon) were performed to compare acute and recovery samples. A two‐sided value of *P* \< 0.05 was considered statistically significant.](JMV-84-1471-g002){#fig3}

![MMP‐8 and MMP‐9 concentrations in plasma and nasopharyngeal samples from children with mild, moderate, and severe RSV infection. For RSV positive children plasma concentration of MMP‐8 (**A**), MMP‐9 (**B**), TIMP‐1 (**C**), and concentration in nasopharyngeal washes of MMP‐8 (**D**) and MMP‐9 (**E**) in mild, moderate, and severe disease are given. Ratio\'s between plasma MMP‐9 and TIMP‐1 (**F**). Concentrations (ng/ml) are given in mean ± standard error. Mann--Whitney *U*‐tests were performed to compare mild, moderate, and severe disease. A two‐sided value of *P* \< 0.05 was considered statistically significant.](JMV-84-1471-g004){#fig4}

No differences in plasma or nasopharyngeal levels of MMP‐8, MMP‐9, and TIMP‐1 plasma concentrations were observed between RSV positive and RSV negative children during acute viral respiratory infection. In general, MMP‐8 and MMP‐9 concentrations were higher in nasopharyngeal samples compared to plasma.

MMP‐9 Plasma Concentrations Are Correlated With the Number of Granulocytes {#sec2-10}
--------------------------------------------------------------------------

MMP‐9 plasma concentrations correlated with the number of granulocytes measured during acute RSV infection (Pearson\'s correlation coefficient 0.33; *P* = 0.019). No correlation was found between the number of granulocytes and MMP‐8 plasma and nasopharyngeal concentrations and MMP‐9 nasopharyngeal concentrations (data not shown). Furthermore, there was no correlation between symptomatic days before presentation and levels of MMP‐8 and MMP‐9 gene expression or concentration of the protein in plasma and nasopharyngeal washes (data not shown).

MMP‐8 and MMP‐9 mRNA and Protein Expression by PBMCs and Neutrophils Is Not Induced by RSV In Vitro {#sec2-11}
---------------------------------------------------------------------------------------------------

To investigate whether the source of plasma MMP‐8 and MMP‐9 during RSV infection was the result of direct interaction of PBMCs or neutrophils with RSV, PBMCs and neutrophils were stimulated with RSV in vitro. Stimulation of PBMCs with LPS (TLR4 agonist) induced MMP‐9 secretion, whereas stimulation with RSV had no effect. None of the stimuli induced MMP‐8 secretion by PBMC (Fig. [5](#fig5){ref-type="fig"}A). Stimulation of PBMCs with RSV did not result in increased gene expression of MMP‐8 and only a moderate increase of MMP‐9 expression was observed (Fig. [5](#fig5){ref-type="fig"}B). Unstimulated neutrophils secreted high levels of MMP‐8 and MMP‐9. Stimulation with LPS and RSV had no effect on the release of MMP‐8 and MMP‐9 by neutrophils (Fig. [5](#fig5){ref-type="fig"}C).

![Stimulation of PBMCs and neutrophils by LPS and RSV in vitro. Human PBMC of healthy volunteers (n = 4) were stimulated with LPS (1 ng/ml) or RSV A2 (MOI 1) and MMP‐8 and MMP‐9 concentrations in supernatant were measured after 24 by ELISA (**A**) or at transcriptional level by q‐PCR (**B**). Neutrophils were stimulated for 4 hr and MMP levels were determined in the supernatant (**C**).](JMV-84-1471-g003){#fig5}

DISCUSSION {#sec1-4}
==========

This study demonstrates that disease severity of viral lower respiratory tract infections in children is associated with increased gene expression levels of the MMP‐8 and MMP‐9 genes in both PBMCs and granulocytes. These associations were observed in children with lower respiratory tract infections caused by either RSV or other respiratory viruses. The in vitro experiments in this study show that MMP‐8 and MMP‐9 mRNA and protein expression in PBMCs and granulocytes is not induced by stimulation with RSV. Consequently, other factors than direct viral interaction induce gene expression in PBMCs and granulocytes.

This is the first study that describes an association between MMP‐8 and MMP‐9 gene expression and disease severity of viral lower respiratory infections in children. This association was significant for children with a RSV infection and there was a trend for children with a viral lower respiratory infection caused by other viruses, indicating to a more general marker for disease severity during respiratory viral infections.

Several studies have shown that transcriptional analysis of peripheral blood cells can be used to discriminate the etiology and disease outcome \[Alizadeh et al., [2000](#bib3){ref-type="ref"}; Allantaz et al., [2007](#bib4){ref-type="ref"}; Ramilo et al., [2007](#bib42){ref-type="ref"}; Chaussabel et al., [2008](#bib10){ref-type="ref"}\]. Ramilo et al. \[[2007](#bib42){ref-type="ref"}\] compared the transcriptional profiles of PBMCs of children with infectious diseases, and identified a set of genes that could separate influenza A infections from bacterial infections (*Staphylococcus aureus*, *Escherichia coli*, and *Streptococcus pneumoniae*). Both MMP‐8 and MMP‐9 were not represented in the selected set of classifier genes. Retrospective analysis of the microarray data set was performed by us, and showed that mRNA expression of MMP‐8 and MMP‐9 were elevated in all groups compared to controls, indicating a more general marker for inflammatory disease (data not shown). No data were available on disease severity, so it is not possible to exclude an association with disease severity. In an experimental model of viral infection of the upper respiratory tract in adults with RSV, influenza, and RV, no up‐regulation of MMP‐8 and MMP‐9 was detected in whole blood transcriptional profiles \[Zaas et al., [2009](#bib55){ref-type="ref"}\]. However, these infections were all mild with consequently low levels of inflammatory markers.

This study shows that in MMP‐8 plasma concentrations were increased during acute infection with RSV. Although MMP‐8 plasma concentrations were higher in moderate and severe disease compared to mild disease, there was no step‐wise relation with disease severity. This is in contrast with the gene expression data and indicates a different source of plasma proteins than the circulating cell population. This is in line with the study of Hartog et al. \[[2003](#bib19){ref-type="ref"}\] in which they found elevated MMP‐8 concentrations in plasma and lung fluid in adults with hospital‐acquired bacterial pneumonia compared to healthy controls. They found an association between clinical severity scores and MMP‐8 concentrations in BAL fluid, but not in plasma.

Although MMP‐9 plasma concentrations were increased during acute viral respiratory infections in children, no association between MMP‐9 plasma concentrations and disease severity was found in this study. Previous studies have described such an association for several inflammatory diseases, such as pneumonia \[Hartog et al., [2003](#bib19){ref-type="ref"}\], tuberculosis infections \[Hrabec et al., [2002](#bib24){ref-type="ref"}\], septic shock \[Nakamura et al., [1998](#bib35){ref-type="ref"}\], and asthma \[Belleguic et al., [2002](#bib5){ref-type="ref"}\]. This may be related to the fact that, in consistent with other studies \[Ricou et al., [1996](#bib43){ref-type="ref"}; Vignola et al., [1998](#bib50){ref-type="ref"}; Yang et al., [2005](#bib53){ref-type="ref"}\], MMP‐9 concentrations were correlated to neutrophil counts, although no significant differences in neutrophil counts between the different severity groups were observed in this study.

TIMP‐1 is an inhibitor of the protease activity of all known MMPs \[Gomez et al., [1997](#bib17){ref-type="ref"}\]. Previous studies have described an association between an imbalance between MMP‐9 and TIMP‐1 and tissue degradation and airflow obstruction in asthma and chronic bronchitis \[Vignola et al., [1998](#bib50){ref-type="ref"}; Mautino et al., [1999](#bib33){ref-type="ref"}\]. In addition, elevated MMP‐9/TIMP‐1 ratios have been observed in plasma from patients with status asthmatics \[Belleguic et al., [2002](#bib5){ref-type="ref"}\]. Furthermore, it has been shown that increased TIMP‐1 concentrations, but not MMP‐9, in nasopharyngeal washes of RSV‐infected children correlated with disease severity and this suggests that a disturbed MMP‐9/TIMP‐1 homeostasis contributes to disease severity \[Elliott et al., [2007](#bib14){ref-type="ref"}\]. The ratio of MMP‐9 and TIMP‐1 concentration in plasma did not show a correlation with disease severity in this study and indicates that MMP‐9 is differentially regulated at the mucosal level during infection.

Although both MMP‐8 and MMP‐9 concentrations in nasopharyngeal samples were increased during acute infection compared to recovery samples no association with disease severity was observed. The wide range of nasopharyngeal concentrations between individuals is partly due to the variation induced by aspiration volumes from the nasopharyngeal cavity. Currently, more standardized methods have been developed, such as flocked swabs, which can be used for viral diagnostics as well as protein analysis \[Dezzutti et al., [2011](#bib12){ref-type="ref"}; Munywoki et al., [2011](#bib34){ref-type="ref"}\]. Normalization of protein levels to stable metabolites present in the mucus might further improve the use of nasopharyngeal samples for diagnostics, although these methods are not available yet. Further it should be taken in account that upper respiratory samples do not necessarily represent the situation in the lower airways and the systemic inflammatory response.

The in vitro experiments in this study show that MMP‐8 and MMP‐9 mRNA and protein expression in PBMCs and granulocytes were not induced by stimulation with RSV. Other factors than direct interaction between RSV and host cells could explain the increased gene expression levels of MMP‐8 and MMP‐9 in children with viral lower respiratory tract infections. Influx of bone marrow‐derived neutrophil precursors in blood from children with severe RSV infections can result in higher MMP‐9 expression due to granule protein production, such as MMP‐8 and MMP‐9, during immature stages of neutrophil development \[Lukens et al., [2010](#bib30){ref-type="ref"}\]. Also inflammatory mediators, such as growth factors, pro‐inflammatory cytokines, oxidative stress upon viral infection can induce elevated gene expression levels of MMPs \[Greenlee et al., [2007](#bib18){ref-type="ref"}\]. It has also been shown that the lung injury caused by mechanical ventilation has resulted in increased MMP‐8 and MMP‐9 expression \[Albaiceta et al., [2010](#bib2){ref-type="ref"}\]. However, in this study, the last mentioned cannot completely explain the differences in gene expression since also differences in gene expression between patients with mild and moderate disease were observed, all non‐ventilated patients.

The results of this study indicate that neutrophils are the major source of MMP‐9 production. The higher MMP‐8 and MMP‐9 concentrations in nasopharyngeal samples compared to plasma may therefore reflect the influx and degranulation of neutrophils in the airways during infection.

This is in contrast to observations made by others that suggest that airway epithelial cells are the primary source of MMPs. It has been shown that MMP‐9 gene expression is increased in human airway epithelial cell lines infected with RSV \[Yeo et al., [2002](#bib54){ref-type="ref"}\]. However, another study indicated that infected human airway epithelial cells are not the primary source of MMPs and TIMP‐1 and that infiltrating leukocytes are responsible for MMP‐9 in airway samples \[Elliott et al., [2007](#bib14){ref-type="ref"}\]. Also in a RSV infection model in mice, of which it is known that the epithelial cells are not infected, it was demonstrated that gene expression of MMP‐9 is elevated in the lungs most likely by infiltrating cells \[Li and Shen, [2007](#bib29){ref-type="ref"}\]. For MMP‐8, no correlation with neutrophil counts was observed and gene expression levels in granulocytes and PBMCs were comparable indicating that MMP‐8 transcription and secretion was different regulated than MMP‐9. This is supported by differences in the degranulation of subcellular neutrophilic granules, in which MMP‐8 and MMP‐9 are stored \[Faurschou and Borregaard, [2003](#bib15){ref-type="ref"}\] and differences in transcriptional events that induce MMP‐8 and MMP‐9 mRNA expression. For example, it has been shown that pro‐inflammatory cytokines, particularly IL‐1β, play a central role in the modulation of MMP‐8 expression \[Knauper et al., [1993](#bib27){ref-type="ref"}; Abe et al., [2001](#bib1){ref-type="ref"}\]. Future studies may reveal the role for MMP‐8 plasma concentrations as a potential biomarker to assess disease severity in viral lower respiratory tract infections in children.

The relation of MMP‐8 and MMP‐9 with viral load in the nasopharyngeal cavity have not been investigated in this study. In experimental respiratory viral infection models, inflammatory markers such as cytokines correlated with viral load and the symptom scores, indicating that the amount of virus is the driving force for inflammation \[DeVincenzo et al., [2010](#bib11){ref-type="ref"}\]. Also in children, disease severity has been associated with high viral titers \[Houben et al., [2010](#bib23){ref-type="ref"}; El Saleeby et al., [2011](#bib13){ref-type="ref"}\]. Further research might reveal the role of inflammatory mediators in the pathogeneses of severe respiratory viral infections \[Openshaw, [2005](#bib38){ref-type="ref"}\]. In this light, it is interesting to consider inflammatory mediators, such as MMPs, as potential targets for therapy.

Some limitations of this study need to be considered. First, the younger age of the children with the most severe lower respiratory tract infections may have caused a bias in the results. However, age was not correlated with MMP‐8 and MMP‐9 plasma concentrations, which suggests that age alone cannot explain the observed differences. According to these results, Thrailkill et al. \[[2005](#bib49){ref-type="ref"}\] did not found significant differences in MMP‐8 and MMP‐9 serum concentrations in children, 2--18 years of age. Second, multiple viruses were detected in 40% children with lower respiratory tract infections and it cannot be entirely exclude that the presence of multiple viruses have induced a different inflammatory response.

The results of this study suggest that the expression of MMP‐8 and MMP‐9 genes are potential marker candidates for diagnostic use to assess disease severity in children with viral lower respiratory tract infections. Markers for disease severity do not have clinical implication at present, because currently antiviral treatment is not available. However, new antiviral treatment of patients will be based most likely on diagnostics predicting disease severity and susceptibility \[Quinn, [2010](#bib41){ref-type="ref"}; Hoggatt, [2011](#bib22){ref-type="ref"}\]. Furthermore, markers for disease severity are also important for research purposes to study effects of interventions, such as treatment. Although currently no biomarkers at transcription level are available in the clinic, because the processing is time consuming, innovative techniques may enable rapid analysis of the expression of multiple genes at transcriptional level in the near future \[Brand et al., [2010](#bib9){ref-type="ref"}\].

In conclusion, increased expression of the MMP‐8 and MMP‐9 genes was observed in PBMCs and granulocytes obtained from children with severe viral lower respiratory tract infections. MMP‐8 and MMP‐9 gene expression levels in circulating cells may be useful markers to support clinical evaluation of disease severity in viral respiratory infections. These results justify future follow‐up, that is, the validation in independent prospective study cohorts of the usefulness of MMP‐8 and MMP‐9 as a potential markers for disease severity in viral respiratory infections.
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